The inert and oxidative flash pyrolysis of High Density Poly-Ethylene (HDPE) is studied 6 up to 20 000 K.s 
Introduction

23
High Density Polyethylène (HDPE) is presently of high interest in numerous civil applications of daily life, 24 which explains the number of works related to its recycling [1]- [5] . In addition, this polymeric material may be of 25 interest for hybrid rocket propulsion [6] despite this solid fuel presents one major drawback. Indeed, its low 26 regression rate makes the combustible generation to be too low to provide interesting thrust [7] . Summarising the 27 fundamentals of hybrid engine, it can be recap that the solid fuel constitutes the combustion chamber in which the 28 oxidiser is injected. For this reason, the combustion generates the heat flux which serves to pyrolyse the fuel and to 29 produce the gaseous combustible fuel [7] . A complex phenomenology occurs at the solid surface with regression, 30 diffusion flame and possible melting layer with spray generation when using liquefying fuel [7] . 31
It is hoped to cope the weak point of the low HDPE regression rate by the transient production of light 32 compounds with low auto-ignition delay. Indeed, it was found in previous work that the nature of the chemical 33 species produced by the fuel pyrolysis changes depending on the pyrolysis conditions [8] . Hence, it may be possible 34 to produce chemical compounds with low auto-ignition delay which would burn close to the solid regression 35 surface [9] . This would reinforce the heat transfer and thus the fuel pyrolysis. As a consequence, this would increase 36 the regression rate. Thus, it is required to conduct an adequate experimental study to determine in which 37 conditions, such species would be favoured. results are given in Ref. [27] . 128
Concerning the experiments, the test repeatability has been verified by three to four successive experiments in 129 the same conditions with both apparatus (TG and flash pyrolyser). Regarding the TG results (Figure 1a) , the final 130 conversion rate is reproducible but the larger the sample, the slower the conversion. Here, mass from 0.85 mg to 131 almost 6 mg have been tested. This observation is well-known and it is linked to the thermal heterogeneity when the 132 sample is too large. Concerning the flash pyrolysis system (Figure 1b) , a large repeatability study has been achieved 133 systematically concerning the apparatus and concerning the size of the samples. Because of the numerous species 134 and the difficulty to properly separate each peaks of the chromatogram and of the mass spectrogram, a disagreement 135 up to 20 % can be found for some species while it is generally less than 5 %. For this reason, it has been preferred to 136 determine the average value after three tests for each condition. This method is the one used in the present study and 137 the results given later will be those of the mean value. The reason of the discrepancies has been investigated. It is 138 first due to the ability of the authors to produce constant samples mass and shape. Regarding the size of the solid 139 sample, it should be limited to few hundreds of microns, which is difficult experimentally. Thus, a large error could 140 be observed without rigorous sample preparation method. Consequently, the samples were prepared by cutting them 141 directly and manually from an initial homogeneous solid block of HDPE. Several tens of samples were prepared and 142 then observed by microscope to quantify their size. Those with a similar size around 400 m were selected. The 143 final dispersion is ± 20 m. The second main reason of the discrepancies is due to the fact that the pyrolysis products 144 are trapped after being generated by the pyrolysis. Hydrogen is lost through this step. The products are then released 145 by thermo-desorption to the GC/MS analytical device (at 350°C). The heavier species thus may remain in the trap. 146
This impacts the mass balance which cannot be verified during the experiments. 147
Figure 1 should be placed here 148
In addition, an extended numerical work has been conducted with analytical laws and multiphysics code (Fluent, 149 Comsol) to determine if the sample temperature within the flash pyrolysis probe dynamically follows the setup 150 temperature, particularly for the high heating rates. It was notably found that even at 20000 K.s -1 , the sample 151 temperature reaches the one of the setup after 1 s. 152
First pyrolysis data 153
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Inert and oxidative TG experiments from 633 K to 773 K have been achieved (Table 2 ). The pyrolysis rate 154 reaches 100 % for approximately the same temperature whatever the atmosphere. Nevertheless, the dynamics of the 155 pyrolysis changes between the inert and the oxidative cases. Considering the pyrolysis rate enables estimating the 156 amount of combustible gaseous species which can be produced during the use of hybrid rocket engine depending on 157 the test conditions. The regression rate (either in mm.s -1 or in mg.s -1
), in addition to the pyrolysis rate, gives 158 additional information on the dynamic of the pyrolysis process. The regression rate in mg.s -1 is given directly by TG 159 results while expressing it in mm.s -1 is of interest for technologic use in hybrid rocket engine because this allows 160 estimating the combustion port diameter for example. This rate (in mm.s -1 for example) is higher for the oxidative 161 pyrolysis and it increases much faster in this condition than in inert condition ( Table 2 ). The ratio between these two 162 tests ranges from 1.6 at 633 K to 6.7 at 773 K (in favour to the oxidative case). The temperature of self ignition for 163 HDPE ranges in the literature from 603 K to 683 K [29] . Thus, it could be assumed that a slow combustion, or 164 oxidation process, occurs during the pyrolysis which enhances the heat transfer and promotes the HDPE 165 consumption. Consequently, this confirms the need to consider the atmosphere in the design of experiments, as 166 proposed in Table 1 , to dissociate the thermal effect and the chemical one of the heterogeneous reactions. The 167 oxidation reactions should be clearly seen in DSC through an exothermic peak. It can be noticed that the TG curves 168 under oxidative atmosphere present different slopes with inflexion point around 673 K (3100 s), which tends to 169 confirm the oxidation process and the existence of a HDPE oxidation induction delay (Figure 2 ). 170 Table 2 should be placed here 171 Figure 2 should be placed here 172
The regression rate measured with the TG (Figure 4a ) clearly differs between inert and oxidative cases as 173 mentioned above. Using a classical Arrhenius law, the pre-exponential factor is found to be equal to 7.52. . This is attributed to the heating rate and to the temperature of the sample. 177
Indeed, the heating rate in hybrid combustor is estimated around 10 5 K.s -1
, much higher than 20 K.min -1 in the TG. 178
As a consequence, reaching 1000 K -at least-would demand 35 min with TG device. This time is far too important 179 to be representative of real conditions and this explains why TG tests have been achieved up to 773 K maximum. 180
Furthermore, the fact that the regression rate is higher for the oxidative atmosphere (which takes benefit of 181 additional heat release due to oxidation reaction) demonstrates that a higher heating rate (or heat release rate) 182 In conformity with the parameters and their respective levels given in the design of experiment (Table 1) , the 188 composition of each corresponding pyrolysis mixture is given in Table 3 (each data is the mean value determined 189 after three replicate tests). An example of some mass spectrograms acquired during the analysis of the pyrolysis 190 mixtures is furnished by Figure 5 . The differences between the different test conditions are significant (Table 3 ) 191 since they are higher the reproducibility which has been tested. The quantities of dienes, alkenes and alkanes are 192 also given to quantify their relative importance at each test condition. Methane and acetylene are found in trace 193 quantity and hydrogen is not quantified for trapping reason. As mentioned in introduction, the classical diene-194 alkene-alkane triple peak is observed for some carbon atoms number (for example C9 to C13). For some others, for 195 example C8 and C15 and over, it was not possible to isolate the three chemical groups due to co-elution. As a 196 consequence, the three species are lumped into the alkene molecule for quantification purpose. The peak is referred 197 to Cx to clearly mention this point. Since the alkenes are the major compounds, this decreases the error inherited 198 from this correction. It can be noted that the ethylene content decreases when the temperature increases. This is 199 related to its pyrolysis which is favoured at lower pressure. 200 Table 3 formation is lower than at lower temperature, which is balanced by the alkenes one. This fact will be discussed in 220 next section by differentiating light and heavy alkenes whose formation and consumption is not necessarily linked. 221
The application of these results to the hybrid engine technology and their fundamental analysis to improve the use of 222 kinetic chemistry will be detailed. 223 
Quantification of parameters effects 227
The data have been then post-processed according to the design of experiments (example for ethylene in Table  228 4). The parameter levels are those defined in section 2.2 (Table 1) . The ethylene content is the one measured 229 experimentally (given in Table 3 ). The answer to each parameter (last line of each parameter column) is quantified 230 by considering the sum of the eight scalar products (eight test lines in Table 4 ) between the parameter level (+1 or -231 1) and the mole fraction of ethylene corresponding to the same test number (last column of Table 4 ). The main effect 232 appears to be the atmosphere (68.3 % in absolute value), then the heating rate, the pressure and finally the 233 temperature. All these parameters have major impact since they clearly overpass the mean ethylene mole fraction 234 (9.0 % is computed as the mean value of the eight line results in the ethylene column). The fact that the temperature 235 effect is negative demonstrates that at 1500 K, ethylene starts to be pyrolysed (as expressed when comparing tests 1 236 and 7 or 2 and 8 for example). The same qualitative effect is found with the atmosphere (air instead of He) while the 237 opposite is found for the pressure and the heating rate. Similar work has been achieved for the parameters 238 interactions without clear trends, which would tend to demonstrate that these parameters are independent. 239 Nevertheless, an extended work would be necessary to clearly state on this point since the quantification of 240 interactions with a two-level or three-level design of experiments would require additional tests. 241
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The results of the design of experiments are summarized for all the species in Table 5 . The higher effects are 243 found for ethylene and propylene, then for ethane and propane. The pressure effect is then the highest for the alkenes 244 from C9 to C12 (in absolute value, negative sign), which implicates that related -scission reactions are penalised at 245 high pressure. To the opposite, the higher heating rate generally favours the alkenes formation (mostly the light 246 ones). The heavier species (C12 and over) are not impacted to the opposite by the heating rate. As a consequence, 247 the overall effect of the heating rate is the one observed in Figure 8 . This result is of major importance because this 248 confirms previous results from numerical and experimental multiphysics studies [22] , [31] . The light alkenes are 249 formed preferably when the fuel is heated strongly and rapidly; that is to say when the heating rate is high. This 250 point has a direct connection with hybrid rocket since producing light alkenes will result in the decrease of the auto-251 ignition delay. Thus, the flame front will establish close to the reducer surface and this should enhance the heat 252 transfers, so the regression rate of the fuel. 253
Regarding the atmosphere, it mostly impacts the light species in the sense of consumption when considering air. 254 This is directly due to their combustion due to lower auto-ignition delays compared to other and heavier compounds. 255
Among the 42 species, the pressure effect is the major one for 34 compounds (mainly for those over C7) and the 256 heating rate is the second important parameter for 25 species among these 42 ones. The atmosphere is the major 257 parameter for the lighter species (from C2H4 to C7H14). Surprisingly, the temperature is not the major parameter in 258 the range 1000 K -1500 K for the studied species but this does not imply that temperature is not an important 259 parameter. Indeed, the temperature presents a higher effect that the mean mole fraction value for 28 species among 260 the 42, which means that it is, in majority, an important parameter. In addition, the pyrolysis appears at much lower 261 temperature than 1000 K (as seen in section 3.1) and this contributed to explain the lower weight of the temperature 262 in these specific conditions. 263 Table 5 should be placed here 264 265
Conclusion 266
Among several applications, hybrid rocket propulsion can take benefice from HDPE pyrolysis studies to estimate 267 the production of species and their nature for later use in combustion. The present study aims at proposing adequate 268 results within this framework. The HDPE pyrolysis rate as been estimated under steady-state TG experiments. The 269 regression rate has been determined as a function of the temperature under inert and oxidative conditions. The 270
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11/25 oxidation of the products has been shown and it results in a discrepancy of several factors of magnitude between the 271 two atmospheres results. The regression rate appears quite low in TG tests (one to two orders of magnitude 272 compared to real hybrid tests). This is attributed to the low heating rate, temperature and pressure. Thus, using a GC-273 MS-flash pyrolysis coupling, the conditions of a hybrid engine have been choose to estimate the parameters effects 274 through a design of experiments from 1000 K to 1500 K, 0.1 MPa to 3 MPa, 10 2 K.s -1 to 2.10 4 K.s -1 and under inert 275 and oxidative atmosphere. In addition to the clear thermal effect on the pyrolysis products formation, the pressure 276 appears as the second important parameter while the heating rate and the atmosphere also play a noticeable role (in 277 this order of importance). The fact that the heating rate plays a role while the final temperature is reached after one 278 second clearly shows the highly transient behaviour of the pyrolysis. The light alkenes are favoured at high heating 279 rate -contrary to the dienes-, which confirms the previous results. Thanks to a design of experiment, it is found that 280 the pressure impacts negatively the -scission reactions. The alkanes are pyrolysed preferentially during a 281 temperature increase, particularly for high pressure conditions. These results will now contribute to validate and to 282 improve existing kinetic mechanisms of HDPE pyrolysis since they are unique to the authors' knowledge. Indeed, 283 the data from literature are generally obtained and fitted for conditions up to 1000 K, at ambient atmosphere and low 284 heating rate (less than 1 K.s -1 ), which need to be improved to match with the requirements of hybrid rocket. A future 285 work could be to use these mechanisms to determine the rate of production of compounds adequate as fuel for the 286 hybrid engine. 287 Table 2 . TG pyrolysis data of HDPE under inert and oxidative conditions. 335 Table 3 . Mole fractions (mol. %) of HDPE pyrolysis products under corresponding test conditions. 336 Table 4 . Example of data post-processing according to the design of experiments for ethylene formation. 337 Table 5 
